This work reports the potential use of high-overtone self-focusing acoustic transducers for high frequency ultrasonic Doppler. By using harmonic frequencies of a thick bulk Lead Zirconate Titanate (PZT) transducer with a novel air-reflector Fresnel lens, we obtained strong ultrasound signals at 60 MHz (3rd harmonic) and 100 MHz (5th harmonic). Both experimental and theoretical analysis has demonstrated that the transducers can be applied to Doppler systems with high frequencies up to 100 MHz.
High-frequency Doppler ultrasound has been used to detect blood flow in microcirculation. It is becoming a useful tool in preclinical cancer and cardiovascular research [1] and diagnosis of retinal vein occlusion [2] , et al. Fabrication of high-frequency transducers suitable for ultrasound Doppler applications thus has been an interesting area of the research. Xu et al used a 30-MHz linear array in their ultrasound Doppler system [3] ; Zhou et al fabricated a 40-MHz high-sensitivity PMN-PT based needle transducer for a pulsedwave Doppler application [4] ; Christopher et al used a 50-MHz PVDF transducer to detect blood flow in the microcirculation with a Doppler ultrasound system [5] . All of those transducers used in the Doppler systems work in thickness-mode: their physical scales are inversely proportional to their working frequency. For instance, for the PMN-PT ultrasonic transducer fabricated by Zhou et al [4] , the thickness of the PMN-PT layer has to be less than 50 μm to work at a high frequency over 40 MHz. Two techniques have been used to obtain such a thickness: one is lapping a bulk ceramic down to the desired thickness, and the other is stacking up thin films [5] . But both the techniques have their own problems. Lapping piezoelectric materials may introduce defects and cracks in the device, while thin film stacking is accompanied by a large residual stress. In this work, we present a micromachined self-focusing ultrasonic Doppler transducer, and demonstrate the feasibility of producing a high-frequency ultrasound Doppler transducer with a thick bulk PZT substrate without lapping.
The self-focusing transducer mainly consists of a PZT layer and an air-reflector Fresnel lens, as illustrated in Fig. 1 . The thickness of the PZT sheet is roughly 127 μm. With the PZT layer, a conventional transducer working at the thickness mode will have a fundamental resonance of 20 MHz. The PZT sheet sandwiched between two 0.1 μm nickel electrodes serves as the piezo-material, while Parylene C is used as the lens structure material. The acoustic waves produced by the PZT layer propagate into water through the Parylene C, but are reflected at the air-pockets regions. This is because the acoustic impedance of air (0.0004 MRayl) is much smaller than that (28~30 MRayl) of the PZT, while Parylene C has its impedance (2.7 MRayl) between that (1.5 MRayl) of water and that of PZT. The lens is patterned into Fresnel half-wave bands with a focal length of 1.5 mm. With the lens structure, the transmitted acoustic waves arrive at the focal point in phase, constructively interfering with each other and intensifying the acoustic pressure [6~9]. The well-focused beam will enhance the sensitivity of ultrasound Doppler.
The Fresnel lenses were fabricated to make the transducers working at their harmonic frequencies, which resulted in better resolutions without introducing any additional complication on the fabrication, especially without reducing the thickness [10] . All the harmonic transducers were built on the same 127-μm-thick PZT sheet (PSI-5A4E from Piezo Systems, Cambridge, MA), but had different lens designs to account for different wavelengths. Since the transducers are roughly symmetric in their thickness direction, only odd harmonics exist for the thickness-mode resonance. In this work, the transducers were designed for the 3rd and 5th harmonic frequencies of 60 and 100 MHz with active area of 1.76mm 2 and 7.4mm 2 , respectively.
The fabrication process is illustrated in Fig. 2 [11] . On top of the nickel-electroded PZT sheet, 3-μm-thick photoresist was first coated and patterned as the sacrificial layer ( Fig.  2(a) ). After depositing and patterning 4-μm-thick Parylene C as the lens material ( Fig. 2(b) ), the photoresist was removed with Acetone overnight (Fig. 2(c) ) through releasing holes. Another 4~5 μm thick Parylene C was then deposited to fill the released holes ( Fig. 2(d) ). Finally, the transducer was packaged onto a brass tube as shown in Fig. 2 
(e).
A set of measurements was performed to evaluate the performances of the transducers. The electrical impedance of the transducers was measured using an Agilent 4294A impedance analyzer (Agilent Inc. Santa Clara, CA), while the harmonic frequencies and their bandwidth were tested using a pulse-echo test setup [12] . In the pulse-echo test setup, a piece of quartz was immersed in a water bath as a reflecting surface at a focal distance (about 1.5 mm) of the transducer. Panametrics 5900PR (Panametrics Inc, Waltham, MA) was used as the pulser and receiver electronic unit. The echo signals were acquired and displayed with a LeCroy LC534 1GHz digital oscilloscope (LeCroy Corporation, Chestnut Ridge, NY). Figure 3(a) shows the measured electrical impedance of the transducer working at its first, 3rd and 5th harmonic frequencies. As we can see, there is a strong resonance at 20 MHz (fundamental resonance), and two harmonic resonances at 60 MHz (the 3rd harmonic) and 100 MHz (the 5th harmonic). The measured pulse-echo response of the transducer (Fig.  3(b) ) shows peaks not only at its designed operational frequency of 100 MHz (5th harmonic), but also at the fundamental (20 MHz) and 3rd harmonic frequency (60 MHz). To confirm the efficacy of the Fresnel-lens transducers, a conventional 40 MHz single element transducer with no Fresnel air-reflectors was also built and tested. The active area of the transducer is the same as the 3rd harmonic Fresnel lens transducer, which is 1.76 mm 2 . As shown in Fig. 3(c) , there are not 3rd and 5th harmonic peaks to be observed, though a weak second harmonic peak appears, which is likely due to the imperfect matching between the PZT and its front matching layer. Thus, unlike the conventional transducer, the Fresnel-lens transducer can be designed to produce a strong signal not only at its 5th harmonic, but also at the fundamental and 3rd harmonic frequencies. The 20% bandwidth of the Fresnel-lens transducer is not as good as the conventional one (50% bandwidth), mainly because it does not have any matching layer between PZT and water. However, bandwidth is not a major concern with Doppler transducers. This makes the Fresnel-lens transducers possible to be used in ultrasound Doppler systems with different frequencies.
The reason why the Fresnel transducer with the 5th harmonic design can also focus acoustic waves at its fundamental and 3rd harmonic frequencies (Fig. 3(b) ) can be understood as follows. For the fundamental frequency of the Fresnel lens, to minimize destructive wave interference at the focal point, the path-length difference between the edges of the adjacent Fresnel rings should be (with λ being the acoustic wavelength 2 in water). Thus, the radius (r m, n ) of nth Fresnel ring at the mth harmonic frequency and the focal length (F) should satisfy the following equation [13] : (1) When the transducer is activated at the frequency of the mth harmonic frequencies with m=1, 3, and 5…, the acoustic wavelength is (with v and f o being the acousticwave velocity and the fundamental frequency, respectively), and we get an equation for calculating the radius (r m, n ) as follows: (2) This equation shows that when m and n are chosen to have a particular ratio between them, the radius r m , n is the same, for example, r 1, 1 = r 3, 3 = r 5, 5 , r 1, 2 = r 3, 6 = r 5, 10 , and r 1, 3 = r 3, 9 = r 5, 15 . This means that when the Fresnel lenses are designed for the 5th harmonic (Fig.  4(a) ) and fundamental frequencies (Fig. 4(b) ) with the same layer thickness (127 μm) and focal length (1500 μm), some parts of the rings overlap with each other, as illustrated in Fig.  4(c) . Also, the rings 4 and 5 of the 5th harmonic Fresnel lens, when operating at the fundamental frequency, produce acoustic waves that are 180° out of phase than those produced by the rings 2 and 3 at the focal point. (Note that each of the Fresnel rings has about the same area, and produce about the same acoustic power.) Thus, the acoustic contributions by the rings 2, 3, 4 and 5 cancel each other out at the focal point. The remaining effective areas for the fundamental frequency from the 5th harmonic frequemcy are shown in Fig. 4(d) , which can produce focused strong acoustic beams at the fundamental frequency shown in Fig. 3(b) . Similarly, the pattern for the 5th harmonic can be used for the 3rd harmonic frequency as well.
In summary, high-overtone self-focusing acoustic transducers have been successfully fabricated by MEMS technology. With the Fresnel lens design, the transducers built with a Cross-sectional view of the transducer with the acoustic Fresnel lens employing airreflectors Fabrication and packaging of the transducer Testing results: (a) Measured electrical impedance of the 5th harmonic transducer (b) Measured pulse-echo responses and frequency spectrum of the 5th harmonic transducer (c) Measured pulse-echo responses and frequency spectrum of the conventional transducer without the Fresnel air-reflector lens Fresnel rings for the 5th and fundamental frequencies. For both frequencies, the focal length as well as the substrate thickness is chosen to be the same.
